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Abstract
The finding of Barnett et al. (Biophys. J. 61 (1992) 358) that NPM-reacted crossbridge heads do not bind strongly to actin
in rigor solution is not easily interpreted in terms of the solution studies of Xie and Schoenberg (Biochemistry 37 (1998) 8048)
who found strong binding of NPM-reacted myosin subfragment-1 to actin in solutions devoid of MgATP. For this reason,
the current work uses stiffness measurement to re-investigate the binding of rabbit skeletal muscle crossbridges to actin in
rigor solution. It is found that NPM-reacted crossbridge heads bind strongly to actin in rigor solution providing one is
extremely careful to reduce MgATP contamination to levels well below those that would have a detectable effect on
unmodified fibers. The reason for this is that NPM-reacted crossbridge heads, which hydrolyze MgATP extremely slowly, are
especially susceptible to contaminant MgATP. The new fiber results show a strong correlation with the solution results. A
further manifestation of this correlation is that pPDM-reacted crossbridge heads are different from NPM-reacted ones in
that, like in solution, they remain weakly binding to actin even at extremely low MgATP levels. The findings suggest that the
covalent crosslinking of SH1 and SH2 by pPDM is likely playing a significant role in locking pPDM-reacted crossbridge
heads in a weakly binding conformation. ß 1998 Published by Elsevier Science B.V. All rights reserved.
Keywords: Essential sulfhydryl; Muscle regulation; Relaxation; Rigor
1. Introduction
The e¡ect of alkylation of myosin’s essential sulf-
hydryls, Cys-707 (SH1) and Cys-697 (SH2) has been
very well studied in solution [1^6], but less so in
muscle ¢bers (see however, [7^9]). The alkylating
agents, N-phenylmaleimide (NPM) and p-phenylene
dimaleimide (pPDM) are known to have profound
e¡ect both upon myosin subfragment-1 (S1) in solu-
tion and myosin crossbridges in muscle ¢bers
[3,4,8,9] and recent studies have revealed an interest-
ing apparent discrepancy between the behavior of
alkylated S1 in solution and alkylated crossbridge
heads in muscle ¢bers. Recent biochemical studies
on the interaction of NPM- and pPDM-reacted my-
osin subfragment-1 with actin [6] show that in the
presence of MgATP, both NPM- and pPDM-reacted
S1 bind weakly to actin. In the absence of MgATP,
pPDM-reacted S1 still binds weakly to actin but
NPM-reacted S1 binds nearly as strongly as unmodi-
¢ed S1 does [6]. This appears at variance with the
muscle ¢ber studies of Barnett et al. [9] who found
that NPM-reacted crossbridges bind weakly to actin
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in rigor solution. The conclusions of Xu et al. [10]
also are at variance with at least one conclusion of
the Barnett et al. work.
This apparent lack of correlation between the sol-
ution work and the ¢ber work is particularly surpris-
ing considering the nearly perfect correlation be-
tween solution and ¢ber found in previous work on
weakly and strongly binding equilibrium crossbridge
behavior [11]. In an e¡ort to resolve this apparent
discrepancy between the solution and ¢ber results,
the present work uses sti¡ness measurements to re-
examine the binding of NPM- and pPDM-reacted
crossbridges in single muscle ¢bers.
In the present study, signal averaging is employed
to achieve a much higher signal-to-noise ratio than
attained previously. This enabled observation of
small changes in the measured force responses which
suggested the possibility of tiny amounts of MgATP
contamination in the standard rigor solution bathing
our ¢bers. When particular attention was paid to
elimination of MgATP contamination, the ¢ndings
obtained were quite di¡erent from those of Barnett
et al. [9] and more compatible with the solution re-
sults [6].
Like for subfragment-1 in solution, we found that
pPDM-reacted crossbridges, but not NPM-reacted
ones, are locked in a weakly binding conformation.
A signi¢cant consequence of these new ¢ndings is
that solution and ¢ber behaviors again have a strong
correlation. A further conclusion is that the covalent
crosslinking of SH1 and SH2 by pPDM is likely
playing a signi¢cant role in locking pPDM-reacted
crossbridge heads in a weakly binding conformation.
2. Materials and methods
2.1. Mechanical experiments
All mechanical experiments were performed at
5‡C. Procedures for preparing and measuring the
mechanical properties of single skinned rabbit psoas
¢bers were as reported in [9] and [12] except that for
the sti¡ness measurements, the ¢ber was stretched
2^4 nm/half-sarcomere once every 10 s for about
2 min and the force response was recorded with a
Nicolet 4094 digital oscilloscope (Nicolet Instrument,
Madison, WI) in signal averaging mode. This al-
lowed about a 3.5U improvement in the signal-to-
noise ratio above that possible with straight record-
ing.
2.2. Solutions and procedures
The composition of the solutions used in the ¢ber
experiments is shown in Table 1. The relaxing solu-
tion was used for the study of relaxed ¢bers and for
treatment of the muscle ¢ber with alkylating agent
(see below). Thirty ml of the quick-rinse solution was
used, as has been the procedure for many years in
this laboratory, to quickly put the ¢ber into rigor
before applying the ¢nal rigor solution (30 ml) to
the 2-ml experimental chamber. As has been dis-
cussed previously, this results in a uniformly striated
low-tension rigor ¢ber [13,14]. ATP-scavenging rigor
solution (see text) was the standard rigor solution
which additionally contained 20 mM D-glucose,
225 WM di-adenosine pentaphosphate (AP5A) and
either 20 (one experiment) or 40 Sigma units/ml of
hexokinase. The AP5A (D-6392) and hexokinase
(H-5875) were obtained from Sigma (St. Louis,
MO). The N-phenylmaleimide (NPM, P2,710-0)
and N,N-1,4-phenylene dimaleimide (pPDM,
P2,398-9), obtained from Aldrich (Milwaukee, WI),
were made up as 10 or 20 mM in N,N-dimethylfor-
mamide, respectively, and stored for 6 1 month.
2.3. Fiber treatment
The single skinned rabbit psoas ¢bers were reacted
with either of the two sulfhydryl-alkylating agents
exactly as described in [9]. NPM (100 WM) or
200 WM pPDM were applied to a single muscle ¢ber
bathed in relaxing solution for 60 min, after which
time the reaction was terminated by replacing the
Table 1
Millimolar composition of solutions
Constituent Rigor Quick-rinse Relax
K propionate 90 80 150
EGTA 3 5 5
EDTA ^ 15 ^
Mg 2 ^ 3
ATP ^ ^ 3
Imidazole 10 20 5a
aRelaxing solution contained Pi in place of imidazole.
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treatment solution with relaxing solution containing
0.5 mM dithiothreitol.
2.4. Fiber ATPase measurement
The actin-activated MgATPase activity under
near-physiological conditions was measured on myo-
¢brils created by homogenizing small bundles of ¢-
bers using techniques similar to those of Roopnarine
and Thomas [15,16]. The speci¢c composition of the
physiological ionic strength activating solution was
121 mM K propionate, 2 mM MgCl2, 1.5 mM
CaCl2, and 25 mM MOPS, at pH 7.0, and that of
the physiological ionic strength relaxing solution was
124 mM K propionate, 2 mM MgCl2, 1 mM EGTA,
and 25 mM MOPS, at pH 7.0. The measurements
were made at 25‡C.
3. Results
Ehrlich et al. [17] showed that when single skinned
rabbit psoas ¢bers are treated with N-phenylmalei-
mide in the presence of MgATP, phenylmaleimide is
linked to both SH1 and SH2. Barnett et al. [9]
showed that such ¢bers in the absence of MgATP
show a sti¡ness which is like that of an untreated
¢ber in the presence of MgATP and considerably
less than that of an untreated ¢ber in the absence
of MgATP. Using the same procedure as Barnett et
al. we have been able to reproduce that result as
shown in Fig. 1.
In contrast to the earlier data, the current data was
obtained using signal averaging. With the increase in
signal-to-noise, it can be seen that while the sti¡ness
of a NPM-treated ¢ber in the presence of MgATP is
quite similar to that of the untreated ¢ber in the
presence of MgATP, the sti¡ness of the treated ¢ber
in the absence of MgATP, while still extremely small,
is perceptibly larger. Although this small di¡erence
alone does not cogently argue that our original in-
terpretation needs to be changed, the increased reso-
lution also led to the observation that the sti¡ness of
the single ¢ber in nominally ATP-free solution occa-
sionally varied slightly with time, and more signi¢-
cantly, it sometimes varied slightly following an
additional wash-through of ATP-free rigor solution.
This raised the question of whether MgATP contam-
ination might be in£uencing the result shown in
Fig. 1. The small change in mechanical response
shown in Fig. 1 is indeed due to NPM treatment,
since single rabbit skeletal muscle ¢bers do not
change their mechanical properties even after as
many as 5 h of incubation in relaxing solution
([12], Fig. 3B).
The possibility that the response of NPM-treated
¢bers in nominally ATP-free rigor solution might be
in£uenced by MgATP contamination was examined
in two ways; ¢rst, by measuring the amount of con-
taminant ATP, and second, by attempting to elimi-
nate any contaminant ATP. Measurement of the lev-
el of contaminant ATP in the rigor solution was
done by ¢lling the 2-ml experimental chamber with
relaxing solution containing 4 mM 32P-labeled ATP
such that the chamber contained V4.4U108 cpm.
This made measurement of the residual ATP after
our standard washout procedure easy. In three ex-
periments, the average contaminant ATP concentra-
tion shortly after washout was 24 WM, with a range
of 12^40 WM. Since our solutions all contain 2 mM
Fig. 1. Original force records in response to a 2-nm/half-sarco-
mere 25-ms stretch of the same single muscle ¢ber in relaxing
and rigor solution, before and after reaction with NPM. Re-
cords before treatment are labeled with the pre¢x C and those
after with the pre¢x Rx. The three very small responses are, in
order of magnitude, Rx-rigor, Rx-relax, and C-relax. The last
two are nearly indistinguishable (see also [10]). Experiment
961010. As explained in the text, the ¢ber bathed in our stand-
ard rigor solution in this experiment was probably exposed to
V25 WM MgATP.
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excess Mg2, the contaminant MgATP is likely also
to be in the 25-WM range.
There are two well-known ways of reducing con-
taminant MgATP. One way to drop the MgATP to
very low levels is to chelate the Mg2 using EDTA.
This is easily accomplished with our quick-rinse sol-
ution. Fig. 2A shows that the sti¡ness of an unmodi-
¢ed ¢ber is about the same in our standard magne-
sium-containing rigor solution and in quick-rinse
solution. Fig. 2B shows that an NPM-reacted ¢ber
is quite relaxed-like in our standard rigor solution,
but is as sti¡ as the unmodi¢ed rigor ¢ber when in
quick-rinse solution (see also Fig. 4B of Xu et al.
[10]). This suggests that the relaxed-like response of
an NPM-reacted single ¢ber in our standard rigor
solution might indeed be due to MgATP contamina-
tion.
Although the procedure used above reduces the
contaminant MgATP to very low levels, it has the
down side of also removing Mg2 that would nor-
mally bind to the light chains and regulatory pro-
teins. Another way of removing MgATP from a
bath is to use an ATP scavenging system. One such
system is the glucose/hexokinase system where free
MgATP is converted to MgADP plus glucose-6-
phosphate.
Fig. 3 shows the time course of sti¡ness develop-
ment for an NPM-reacted ¢ber in ATP-scavenging
rigor solution with two concentrations of hexokinase.
The base solution was our standard rigor solution
supplemented with 20 mM glucose, 225 WM AP5A,
and either 20 or 40 Sigma units/ml of hexokinase.
Note that with 20 units of hexokinase the sti¡ness
does not completely reach the control rigor sti¡ness
and the time constant for sti¡ness development is
Fig. 2. Original force records in response to a 2-nm/half sarco-
mere 25-ms stretch of an unmodi¢ed ¢ber in our standard rigor
solution (solid-line record) and the same ¢ber in magnesium-
free quick-rinse solution (dashed-line record). Experiment
980316. Like for Fig. 1, the ¢ber bathed in our standard rigor
solution was probably exposed to V25 WM MgATP.
Fig. 3. Time course of sti¡ness change after addition of a glu-
cose/hexokinase ATP-scavenging system to a NPM-reacted sin-
gle muscle ¢ber in rigor solution containing 20 mM D-glucose.
The concentration of hexokinase is given next to each curve.
Amplitude and time constant of curves determined by least-
squares ¢tting to a single exponential (solid or dashed curves).
For 20 units/ml hexokinase, the amplitude was 0.9 and the time
constant = 40 min. For 40 units/ml, the amplitude was 1.0 and
the time constant = 13.3 min. Experiments 961211 and 970113.
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40 min. With 40 units/ml hexokinase the time con-
stant for sti¡ness development goes from 40 min
down to 13.3 min, and the fraction of the control
rigor sti¡ness attained increases from 0.9 to 1.0. It
thus appears that when the MgATP concentration is
lowered to near zero, an NPM-reacted crossbridge
develops full rigor sti¡ness. The sti¡ness of an un-
modi¢ed ¢ber is the same in ATP-scavenging solu-
tion as in standard rigor solution (data not shown).
The reason why NPM-reacted ¢bers are so sensitive
to MgATP contamination while unmodi¢ed ones are
not is given in the Section 4.
The above ¢ndings are compatible with the bio-
chemical data that the binding constant of NPM-
treated subfragment-1 becomes quite strong in the
absence of ATP [6]. A second prediction of the sol-
ution studies is that pPDM-reacted crossbridges
should show only a small ATP-dependence of bind-
ing strength. Since, pPDM-treated crossbridges, like
NPM-treated crossbridges, do not hydrolyze MgATP
rapidly, these experiments too require the presence of
an ATP-scavenging system. Fig. 4 shows that a
pPDM-treated muscle ¢ber has a low sti¡ness in
our standard rigor solution and it remains low even
when contaminant ATP is brought to very low levels
by the ATP-scavenging system. The sti¡ness values
are plotted as a fraction of the sti¡ness of the ¢ber in
rigor before modi¢cation, and it is seen that, as pre-
dicted from the solution biochemistry, the response
of the pPDM-reacted ¢ber both in the presence and
absence of ATP is considerably less than the rigor
response of an untreated ¢ber.
4. Discussion
There is, in general, a good correlation between
the behavior of myosin crossbridges in muscle ¢bers
and that of myosin subfragment-1 in solution [11]. It
was thus surprising that NPM-reacted subfragment-1
in solution appeared to bind strongly to actin in
rigor solution [6], whereas NPM-reacted crossbridges
did not [9]. The current work seems to o¡er a reso-
lution of the apparent con£ict between solution and
¢ber with regard to NPM-reacted S1 or heads bind-
ing to actin under rigor conditions. The experiments
which previously showed weak binding of NPM-re-
acted heads in rigor solution appear to have been
plagued by a very small amount of contaminant
ATP. When MgATP is nearly completely eliminated
(as in Figs. 2B and 3), NPM-reacted crossbridges
bind tightly to actin, just as does myosin subfrag-
ment-1 in solution [6].
It is of interest to ask why 25 WM contaminant
MgATP, an amount too small to have an e¡ect on
an unmodi¢ed ¢ber (Fig. 2A), has such a dramatic
e¡ect on an NPM-reacted ¢ber (Figs. 2B and 3). The
reason for this is likely that in an untreated ¢ber the
actin-activated myosin MgATPase helps remove con-
taminant MgATP. In an untreated ¢ber, the 25 WM
contaminant ATP will not be seen by the majority of
crossbridges, but will be e⁄ciently hydrolyzed to
ADP by the outermost layer of myo¢brils. This is
because, as seen from the ATPase data in Table 2,
the actin-activated MgATPase of an untreated ¢ber
is in the range of 0.04^0.7 Wmol Pi/mg myosin per
Fig. 4. Time course of sti¡ness change after addition of a glu-
cose/hexokinase ATP-scavenging system to a pPDM-reacted sin-
gle muscle ¢ber. Note very little change in sti¡ness upon addi-
tion of hexokinase. Experiment 970113.
Table 2
Fiber physiological ionic strength MgATPases, 25‡C
Control ¢bers NPM-treated pPDM-treated
Calcium 0.654 þ 0.040 0.015 þ 0.016 0.014 þ 0.008
EGTA 0.040 þ 0.008 0.003 þ 0.002 0.001 þ 0.003
Units are Wmol Pi/mg myosin per min. See Section 2 for speci¢c
ionic components.
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minute depending upon how ‘turned on’ the regu-
lated actin is. The actin-activated ATPase of an
NPM-treated ¢ber, however, is considerably less
than that of an unmodi¢ed ¢ber (Table 2). Thus,
contaminant ATP does not get hydrolyzed at the
surface of an NPM-reacted ¢ber and is free to di¡use
through it. This will have a particularly large e¡ect
on muscle tension (as in Fig. 2B) because once the
binding of MgATP has relieved the tension of a par-
ticular crossbridge head, the MgATP is free to dis-
sociate from that head and di¡use to a another head,
relaxing that head’s tension as well.
NPM-reacted crossbridges seem to mimic the
weakly binding M.ATP crossbridge in the presence
of E25 WM MgATP and the strongly binding cross-
bridge when the MgATP concentration I25 WM.
This is very much what would be expected from
the measured dissociation constant for MgATP bind-
ing to acto-subfragment-1 of V50 WM [6]. The cur-
rent work thus relieves the apparent discrepancy be-
tween the solution work [6] and the ¢ber work [9].
The current work additionally provides a reason-
able explanation for the ¢nding of Xu et al. [10] that
NPM-reacted crossbridges go into a strongly binding
conformation in rigor solution containing EDTA.
Since, as demonstrated here, the same thing happens
if the rigor solution contains magnesium but is truly
devoid of ATP, it appears likely that the e¡ect of
EDTA is simply to reduce, even in the presence of
contaminating ATP, the MgATP to extremely low
levels by chelating the magnesium.
The NPM-reacted crossbridge has a number of
properties that make it an extremely useful weakly
binding analog. The dissociation constant for
MgATP binding to NPM-reacted crossbridges or
acto-S1 has a value which is quite convenient for
experimental manipulation (even if an ATP scaveng-
ing system is sometimes required). A second favor-
able characteristic of the NPM-reacted crossbridge is
that its kinetics when it is in its weakly binding state
are very similar to those of the M.ATP crossbridge
[9]. Finally, when MgATP concentration is lowered
I25 WM, the NPM-reacted crossbridge head goes
into a rigor-like conformation. If one could prevent
the force relaxation due to equilibrium crossbridge
behavior, for example, by EDC-tethering [18,19], it
might be possible to use NPM-reacted crossbridge
heads to measure the amount of force generated in
the weakly to strongly binding conformational
change.
Although much of our discussion has been con-
cerned with the question of whether NPM-reacted
crossbridges behave like NPM-reacted subfragment-
1 in solution, another important ¢nding of this work
is that (also in agreement with solution work), reac-
tion of SH1 and SH2 with the bifunctional cross-
linker, pPDM, locks the crossbridges in a weakly
binding conformation, whereas reaction with the
monofunctional NPM does not. Mild reaction of
myosin subfragment-1 with the monofunctional re-
agent, NEM, so that only SH1 and SH2 are reacted,
also has been reported not to lock myosin in the
weakly binding conformation [3]. It thus seems
that, as was the case for trapping nucleotide at myo-
sin’s nucleotide-binding pocket [20], it appears to be
the cross-linking that is important for inhibiting the
weakly to strongly binding conformational change.
Although the crosslinking may be important for
blocking the conformational change, it clearly is
not a necessary requirement for blocking MgATP
hydrolysis (Table 2).
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